Assessment of recharge in a structurally complex upland karst limestone aquifer situated in a semi-arid environment is difficult. Resort to surrogate indicators, such as measurement of spring outflow and borehole discharge, is a common alternative, and attempts to apply conventional soil moisture deficit analysis may not adequately account for the intermittent spate conditions that arise in such environments. A modelling approach has been made using the West Bank Mountain Aquifer system in the Middle East as a trial. The model uses object oriented software which allows various objects to be switched on and off. Each of the main recharge processes identified in the West Bank is incorporated. The model allows either conventional soil moisture deficit analysis calculations or wetting threshold calculations to be made as appropriate, and accommodates both direct recharge and secondary recharge.
CURRENT UNDERSTANDING OF RECHARGE PROCESSES
and Simmers et al. (1997) describe the many potential recharge processes that can occur in semi-arid environment citing examples from the Negev, Israel and the limestone and dolostone provinces of the Middle East. It is normal for up to half the LTA rainfall to arrive at the water table as recharge at aquifer outcrop in a semi-arid environment (Table 1) . Primary recharge occurs through direct rainfall recharge, whereas secondary processes include overland and stream flow losses through infiltration and to sink holes. Significantly, Bredenkamp et al. (1995) reported:
• contrary to the general assumption that estimation of groundwater recharge is more complex in a semi-arid region than in others, it appears that periods of prolonged drought interrupted by sufficient rain to provide recharge, can enhance the reliability of assessments of recharge;
• most groundwater analysts agree that the differences in recharge between wet and semi-arid environments stem mainly from the different recharge sources, and that the same techniques can be used to estimate recharge in all types of climate;
• vegetation is an important controlling factor, and the interaction between vegetation and recharge is critical to the assessment of the environmental impact, and to the determination of recharge. Recharge to an upland karst aquifer in a semi-arid environment -Version 3 (7/12/07) 5 Bredenkamp et al. also observe that a great deal can be discerned from the behaviour of hydrological systems wherever groundwater discharge and, by implication groundwater recharge, are both reflected by stream low flows. Furthermore, cumulative rainfall departures from average rainfall conditions provide useful indicators of the range of hydrological responses that may occur in semi-arid regions.
De Vries and Simmers (2002) highlight the role of vegetation as a control on recharge and suggest that capillary rise and vapour transport of groundwater towards the root zone may result in fluxes towards the ground surface that affect recharge. They point out that a change in vegetation has a crucial influence on recharge in semi-arid areas, and that recharge increased significantly when the indigenous vegetation was removed in large parts of SE Australia over a hundred years ago.
Another key factor in semi-arid areas is the role of topographical depressions. Scanlon et al. (1997) and Leduc et al. (1997) argue that most unsaturated flow in arid and semi-arid systems is focussed beneath topographic depressions. Herczeg et al. has been maintained for 3 days. The concept of the wetting threshold was pursued by Lange et al. (2003) who show that, at least during high-magnitude rainfall, the steep rocky slopes in the West Bank and Israeli mountains are floodgenerating zones rather than areas of pronounced recharge into the underlying karst aquifer. Through experimentation they are able to determine the wetting thresholds Recharge to an upland karst aquifer in a semi-arid environment -Version 3 (7/12/07) 6 required under certain topographical conditions to promote both runoff and infiltration.
THE MOUNTAIN AQUIFER
The anticlinal axis of the Mountain Aquifer system straddles the West Bank (PWA 2004) . It creates an upland area comprising limestones with subordinate lithologies and there is a major Eocene sedimentary basin in the north-west. Direct rainfall recharge occurs to the permeable limestones in which secondary permeability and karstic flow are the dominant transport mechanisms. Secondary recharge may be routed via ephemeral influent wadi flow whilst spring discharge may be routed to wadis and sinks which return the flow to the groundwater system. (Fig. 1) . These divides run parallel to the surface water divides although there is a considerable offset of the groundwater divide to the west towards the crest of the anticline. The divide between the North-Eastern and the Eastern Aquifer basins is less certain, and although the Upper Aquifer is separated between the two, the Lower Aquifer may be in continuum. The North-Eastern Tip Israel managed by Israel. Considerable technical assistance has been provided to Palestine to understand the aquifer water balance in order to help to inform politicians for debate with their counterparts in Israel. The key to equitable apportionment is the determination of the volume of recharge received by the basin. However, there remain two issues which have yet to be resolved: one is the location of the eastern boundary of the basin, the no-flow divide between it and the Eastern Aquifer Basin; the other is an agreed and defensible estimate of overall infiltration to the Western Aquifer Basin. Rofe and Raffety (1965) identified the axis of the main anticline, the Judean Anticline, as a dominant influence on groundwater flow directions. However, they assumed that groundwater flowpaths are primarily controlled by the dip of the more permeable strata. With a better understanding of the piezometric levels, it can be shown that the groundwater divide may not be coincident with the structural divide and is closer to the topographical divide, and in some areas, the exact location of the divide depends on local patterns of groundwater exploitation. Recharge to an upland karst aquifer in a semi-arid environment -Version 3 (7/12/07) 8
In general, the topographic divide is to the east of the structural divide (Fig. 1) , and hence an assumption that the divide is always aligned with the structural divide will tend to underestimate the recharge area of the Western Aquifer Basin and overestimate the recharge area of the Eastern Aquifer basin. The boundaries of the North Eastern Basin, as mapped by Rofe and Raffety (1965) , are particularly at odds with surface water flow directions, and hard to justify on hydraulic grounds.
Early recharge estimates
An empirical relationship between recharge and rainfall was developed by Goldschmidt (1955) , based on the water balance method. This assumed that 360 mm of the average annual rainfall is required to overcome evaporative processes, and equated long term average recharge to the aquifer as 90% of the long term average rainfall minus 360 mm. Allowing 4% further loss to storm runoff a value of 317 Mm (M = million, a = annum) can be derived over the areal extent of the aquifer outcrop (excluding aquiclude outcrop and using an arbitrary aquifer boundary to the east). Goldschmidt & Jacobs (1958) argued that almost the entire discharge from the aquifer was accounted for in the Yarqon and Nahal Taninim springs situated in Northern Israel on the Mediterranean coast and equated their yield to the total recharge available to the aquifer. This approach provided a value for recharge of 326 for an average year. Estimates were revised whilst abstraction was increased at the expense of spring discharge. Assaf et al. (1993) The empirical approach of Goldsmidt and Jacobs (1958) was applied to the Eastern Basin by Guttman & Zuckerman (1995) who improved the empirical relationship between rainfall and recharge by applying a variety of rainfall values, and Ba'ba'(1996) who used spring flow records to update the empirical relationships.
Other recharge estimates have been produced from groundwater models including work by Bachmat (1995) for the Western Aquifer Basin and Guttman and Zukerman 
DISTRIBUTED RECHARGE MODEL
De Vries and Simmers (2002) advocate a distributed recharge water-balance approach, with full account of spatial variability using short time steps. This has been pursued using object oriented code from the ZOOM suite of software (Spink et al. 2003; Spink et al. 2006 ) using available piezometric and flow data to refine the model. The distributed recharge model requires that recharge is calculated at the appropriate points over the study area. A daily time step is used for the recharge calculation, with the output supplied as monthly averages. Separate objects (Fig. 2 ) are used to represent separate entities such as soil, wadi, grid and node. The recharge calculation is undertaken within a node object. These node objects are held, in turn, within grid objects and grids can be nested to increase resolution in discrete areas. This facility was developed to provide input data in the correct form for the groundwater flow model ZOOMQ3D, which incorporates local grid refinement in a Cartesian mesh (Spink et al. 2006 ). The recharge model is thus able to represent all the many and diverse flow processes which describe the onward transport of rainfall arriving at the aquifer outcrop in any complex system (Fig. 3) . These are the surface flow processes and water percolation, (Table 3 ). The second set of runs is based on the application of the wetting threshold method where the wetting threshold values are constant throughout the area modelled.
The north-west part of the West Bank is characterised by a sub-humid climate with the potential of significant recharge occurring during the wet season even though there may be thick soil cover. Both the soil moisture deficit method and the wetting threshold method may apply in this area. The south-east part of the West Bank is more arid with a lower recharge potential. It is more likely that the wetting threshold method is applicable in this area than the soil moisture deficit method.
The digital terrain map (DTM) was reduced to a slope aspect map in order to determine surface drainage directions. The scale of the model led to a loss in the accuracy of the DTM data and small areas were identified with nodes that were not connected to wadi nodes. The recharge model assumes that if the routed runoff water does not reach a wadi node it will go to a virtual pond. As this is not what happens in reality some manual modification of the aspect map was required to connect these virtual ponds to the nearest wadis. The aspect direction at any node controls the direction of movement for surface water transport, generated as a proportion of both the rainfall plus any water received from an adjacent node, towards any one of its four adjacent nodes. Although the runoff routing process is simple, it is adequate for a time step of only one day. The runoff coefficient values for the karst limestone aquifer units were set at 0.3, whilst for the Yatta Formation, which forms the aquitard Wadi flow is calculated at each wadi node at the end of each daily time step, and the flows collected at the wadi nodes are cumulated in the downstream direction. Water losses are assumed to occur during this process throughout the length of the wadi beds, and 1% of the total daily flow calculated at a stream node is assumed to infiltrate directly to the unsaturated zone.
In the nine major urban areas in the West Bank losses from water mains and sewers are assumed to be 30% and 20% of the total water in supply respectively (McKenzie, British Geological Survey, unpublished data, 2001 ). The urban recharge nodes include two recharge processes. The first represents the direct infiltration of water from water mains and sewers, and the second represents the recharge generated from rainfall that obeys the SMD recharge calculation method for open areas that represent about 20% of the total urban field. All the urban nodes are connected to one specified stream node, used to represent a wadi, or in reality a storm water sewer, discharging at a specified wadi.
There are five cultivated and irrigated areas. The amount of irrigation water applied in these areas ranges from 5.8 to 34.8 Mm but the transmission losses are maintained at a constant 15% and the field losses at 25%. It is assumed that irrigation water is applied uniformly across each area, and that the dry season extends over seven months from April to October. The yearly irrigation water has been distributed across In addition, although not used in the regional scale model of the West Bank, there is a tool that assigns spring discharge. If it is assumed that part of the recharge flow that reaches an unsaturated node connected to a spring moves horizontally and discharges to a wadi via the spring, then springs can be represented as objects that are connected to the unsaturated node objects. This also assumes that there is a direct head gradient towards the spring from the unsaturated node objects and that these nodes lie within a specified radius of the spring. and the SMD run, two further sets of runs were undertaken with urban recharge processes and losses from irrigated fields activated (Fig. 4a and Fig. 4b ). Finally one The model outputs were summarised in three ways: total and basinal recharge estimates for each of the Western, Eastern and North-Eastern Aquifer basins (Table   5 ), spatial distribution of long-term average recharge (e.g. Fig. 4a ) and annual summaries of surface water flows. These outputs were then compared with the historical data to identify the run parameters that produced the best fit. (Figs 4a -4c) . The highest recharge occurs in the northwest of the West Bank and the lowest in the south-east. This corresponds to the spatial distribution of the rainfall. Other features which influence the distribution of recharge include the wadis, which result in lines of enhanced recharge along the wadi beds, urban areas and irrigated areas which create "patches" of increased recharge.
An additional composite run was prepared using a distributed mixture of soil moisture deficit and wetting threshold methods (results shown in Fig. 4c ). The initial results of the composite run indicate that 45 % of the overall recharge in the West Bank takes place in the Western Aquifer Basin, i.e. that the Western and the North-Eastern Basins are wetter than the Eastern Basin, with recharge reducing eastwards and southwards, reflecting the rainfall distribution over the West Bank. The SMD calculation method is, therefore, most likely to be applicable in the wetter north and west while the WT calculation method is most likely to be more suitable for recharge calculation in the drier south and east. The boundary between the applicability of the two methods is set at the 500 mm LTA rainfall contour (Lerner et al., 1990) . The long-term average distributed recharge (Fig. 4c) shows that recharge is 110 mm a -1 where rainfall is greater than 500 mm a 
CONCLUSIONS
Recharge processes in upland karst limestone aquifers are many and diverse. It is, therefore, tempting not to attempt to calculate recharge but to monitor surrogate indicators of recharge and develop empirical relationships which can be calibrated against data such as spring discharge and abstraction.
The complex Mountain Aquifer system of the West Bank is one such aquifer system. Divided into an Upper and a Lower aquifer it is split into three basins, the Western and Eastern Aquifer basins which straddle the core of the anticline forming the Good control is available for recharge estimates in the Western Aquifer basin as much of the discharge is focussed on a single spring for which flow data are available.
None of the existing recharge estimates for the three basins actually considered the recharge processes and attempted to quantify them.
A distributed object oriented recharge model has now been deployed to evaluate all the recharge processes that have been observed at work in the Mountain Aquifer.
Despite the coarse scale of the model, the results derived using either a traditional soil moisture deficit approach or a wetting threshold approach, or a combination of both, are comparable with earlier estimates. Whilst this is the case, and simpler methods may appear to negate the use of the more complex, distributed method, there are a number of advantages in using more complex methods. These include the defensible nature of the estimate which is derived from calculated inputs to the system, the results of the recharge estimate are distributed over time and space and the complexity of the method can be increased as understanding increases. The distributed recharge method can also be used to provide predictions, for example for climate change scenarios.
The object oriented code allows a range of processes to be switched on or off. The West Bank model incorporated effective rainfall, soil moisture deficit or wetting threshold calculations for recharge and runoff, direction and amount of overland flow, wadi flow, and the effects of both urban and irrigated areas. The code can, therefore, easily be adapted for application in any complex environment either by switching off codes used in the West Bank model that may not apply to a given area, or by Recharge to an upland karst aquifer in a semi-arid environment -Version 3 (7/12/07) 20 switching on additional process that may apply (Table 6) Recharge to an upland karst aquifer in a semi-arid environment -Version 3 (7/12/07) 30 
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LIST OF FIGURES Se incorpora cada uno de los principales procesos de recarga identificados en el Banco
Occidental. El modelo permite ya sea cálculos convencionales de análisis de déficit de humedad de suelo o cálculos de umbrales de humedad para ser hechos como apropiados, acomodando tanto la recarga directa como la recarga secundaria. Los intervalos de tiempo diario permiten calcular para cada nodo las rutas de escorrentía y recarga. Las corridas del modelo han permitido una serie de simulaciones para cada una de las tres cuencas de acuíferos en el Banco Occidental y para todo el Banco Occidental. Las simulaciones aportan estimados de recarga que son comparables a los elaborados por investigadores previos usando medios convencionales. El modelo es adaptable y se ha utilizado exitosamente en otros ambientes.
